Generalised Linear Models, combined with a Geographic Information System, were used to map the habitats of ten demersal elasmobranch taxa (five skates, four sharks and a stingray) in the eastern English Channel, based on an annual fishery-independent bottom trawl survey conducted each October, and covering 21 years. Habitat models showing mean density levels were developed for the most frequently occurring species, whilst binomial occurrence habitat models were built for less frequent species. The main predictors of elasmobranch habitats in the eastern English Channel were depth, bed shear stress and salinity, followed by seabed sediment type and temperature. Habitat maps highlighted contrasting habitat utilisation across species. Raja clavata, and to a lesser extent Scyliorhinus canicula, showed ontogenetic differences in habitat utilisation, with early life history stages found in shallow coastal waters, sheltered from strong tidal currents and typically with softer sediments. Spatial segregation by sex was also evident for S. canicula, with females found at higher densities on some harder grounds in the study area. An improved knowledge of habitat utilisation by elasmobranchs (particularly for important life history stages and all seasons) is required if spatial management is to be considered for these species.
Introduction
Species distribution modelling is widely used in terrestrial and aquatic systems to predict species occurrence and to better understand the processes influencing their geographical distributions. It can also be used to assist in conservation planning and population management, and to study the effects abundance, from a total of 1,828 trawl hauls covering the period 1988 to 2008, were expressed as 152 numbers of individuals per km 2 (ind.km -2 ). For this, swept area was based on a theoretical wing 153 spread of 10 m, which was checked to be close to the average effective wing spread. Survey density 154 data were log-transformed (Log 10 [x+1], x = density) to reduce the skewed distribution (Legendre 155
and Legendre, 1998) . 156
157
Length at age calculation. Size (total length) was used as a proxy for age. Lengths at age were 158 calculated using the von Bertalanffy (1938) equation: 159 densities for the three most abundant species were recalculated for two age groups (neonate and 164 young; sub-adult and adult) and modelled separately. 165
166
Other datasets used. The 1988-2008 density dataset was partitioned into two subsets (1988-1996 167 and 1997-2008) due to the absence of in situ temperature and salinity data for the first time period. 168
The recent time period was used for model development and internal evaluation, whilst the earlier 169 time period was only used for external model evaluation. Table 2 
mud (M), fine sand (FS), coarse sand (CS), gravels (G) and pebbles (P). Bed shear stress (steps i to
iii, Figure 2C ) came from an 8-km resolution hydrodynamic model developed originally for the 178 Irish Sea (Aldridge and Davies, 1993) , but later extended to cover the north-west European shelf. 179
Bed shear stress (Newton.m -2 ) is an estimate of the pressure exerted across the seabed by tidal 180 forcing (M2 constituent) and often influences the distributions of marine species (Freeman and 181 Rogers, 2003) . A mean sea surface temperature map was produced for the month of October for the 182 period 1997-2008 (step ii, Figure 2D ) using satellite-derived (AVHRR sensor) temperature data 183 (Casey et al., 2010). The same source was used to produce annual maps for each October between 184 1988 and 1996 (nine maps in total, step iii). A mean sea surface salinity map for the month of 185
October (steps ii and iii, Figure 2E four continuous predictors were tested as first and second order polynomial terms, based on data 194 exploration plots which suggested that the shape of species-environment relationships would often 195 be better described as curvilinear (Austin, 2002) . Interactions between first order continuous 196 predictors were also tested. 197
198
Histograms of relative densities indicated that there was recurring discontinuity between the zero 199 values and positive density data, suggesting a two-step modelling approach. Binomial occurrence 200 models were developed using presence-absence data (or proportions for sex ratio models) as the 201 response variable and a logit link function, to predict the mean presence probability of each of the 202 Martin et al. species considered. Positive models were developed using a subset containing only non-null 203 densities and an identity (Gaussian) link function, to predict the mean density on a log scale. relative to the maximum survey value (i.e. a value of 1 corresponded to the maximum possible error 222 in prediction). These errors were spatially auto-correlated and it was possible to estimate them at 223 non-sampled locations using a variogram describing their spatial structure and variation, and to 224 interpolate them by ordinary kriging (Petigas, 2001 ). In the case of sex ratio models, the binomial 225 occurrence model was used to balance, within a GIS, the corresponding delta model showing both 226 sexes together, to visualize potential spatial segregations by sex, in density levels. 227 10 Martin et al.
Model evaluation. Though a key step in the development of habitat models, model evaluation and 229 validation are not always undertaken (see Manel et al., 2001) . Additionally, some studies that have 230 tested models have often used the same data for both model development and evaluation (Olden et 231 al. 2002) . Here, models were evaluated internally by directly comparing predictions with survey 232 values for the same time period (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) . To evaluate models externally, predictions were 233 compared with survey values for an earlier time period (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) , the data for which had not 234 been used for model development. For the latter, sea surface temperature data were extracted from 235 the satellite-derived annual maps produced for October between 1988 and 1996. Salinity data were 236 extracted from Figure 2E and corresponded to the second time period (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) , and it was 237 assumed that salinity patterns were not significantly different over the two decade timescale 238 considered. 239
240
The predictive power of each model was assessed qualitatively using a range of diagnostic plots 241 (Zuur et al., 2007) , and also quantitatively. Habitat modelling by age group (based on the conversion of length data) was undertaken for three 276 species (R. clavata, S. canicula, and Mustelus spp.) for which it was possible to (i) estimate the 277 length at age from published studies (Table 4) , and (ii) form two age groups of sufficiently large 278 sample size (based on the length frequency distributions; Figure 3 ). Where published biological 279 parameters indicated sexual differences (e.g. S. canicula and Mustelus spp., references in species, input data for positive models were limited, ranging from 11 positive occurrences (1.0% of 293 hauls) for small-eyed ray R. microocellata to 54 (4.7% of hauls) in the case of tope Galeorhinus 294 galeus. Despite these low occurrence levels, six binomial occurrence models were developed and 295 evaluated satisfactorily. 296 297 Depth, bed shear stress and salinity were significant predictors of all ten habitat models, whilst 298 seabed sediment type and temperature were important in nine models. Furthermore, the four 299 continuous predictors were often present in the models as second order polynomials, thereby 300 indicating curvilinear relationships. The number of first order interactions retained in the models 301 ranged from one to four. The most frequently selected interaction was that of depth with salinity 302 (selected 13 times), followed by bed shear stress with sea surface temperature, and depth with bed 303 shear stress (both selected 8 times). and E), in that suitable grounds were located both inshore and offshore, R. undulata tended to prefer 319 slightly harder sediment types (gravel, pebbles) associated with stronger bed shear stress than R. 320 montagui, and also occurred mainly in the western parts of the study area. 321 322 All ten models presented in Tables 5 and 6 where individuals were caught more frequently, suggesting that density variability in these areas 338 was higher. Conversely, errors were lower in areas where individuals were caught less frequently. 339
This indicated that there was little model uncertainty concerning the extent of the areas where the 340 modelled species was absent. 341
342

Modelled habitats by age group 343
To enable direct comparison across age groups (neonate and young; sub-adult and adult) of R. 344 clavata, S. canicula and Mustelus spp., models were presented as binomial occurrence models 345 (Table 7) , although some age groups had satisfactory delta models. weak. These areas also coincided with muddy and sandy substrates. In contrast, the habitats of the 353 older age groups were more broadly distributed, including those grounds consisting of harder 354 sediments (gravel, pebbles). These ontogenetic differences in habitat utilization were coherent with 355 the habitat map developed for all individuals ( Figure 5A ), in which there appeared to be little 356 unsuitable habitat evident across the study area. 357
Ontogenetic differences in habitat utilization between neonate and young ( Figure 7C ) and sub-adult 359 and adult ( Figure 7D ) S. canicula were less conspicuous. The habitat of the older age group was 360 more broadly distributed than that of the younger age group. Younger fish were usually located on 361 softer sediment types (mud, fine sand), closer to the UK and French coasts, whilst the main habitats 362 of the older age group were located further offshore, on harder bottoms (gravel, pebbles), including 363 the Dover Strait. Both age groups of Mustelus spp. (Figures 7E and F) had suitable habitats located 364 in deep waters with hard bottoms, although the habitat of neonate and young was more broadly 365 distributed, and included the less saline coastal waters where bottom types were softer (muddy-366 sand). 367 368
Modelled habitats of male and female S. canicula 369
The binomial model predicting the proportion of female S. canicula comprised all five tested 370 predictors (Table 7) , and passed all six evaluation criteria. The proportion of females was clearly 371 higher in shallow coastal areas, especially along the English coast ( Figure 8A Groundfish survey data were used to improve our understanding of habitat utilization by ten 382 demersal elasmobranchs in the eastern English Channel, based on a standardized GLM approach 383 Martin et al.
using data covering broad temporal and spatial (regional sea) scales. Model parameters helped 384 quantify habitat utilization and reveal important combinations of environmental variables for each 385 species' habitat. The associated habitat maps highlighted contrasting habitat utilization between 386 species. For the first time, a combination of habitat modelling and GIS calculation was used to gain 387 new insights into the spatial ecology of these species in this area, and also in terms of segregation 388 by size (three species) and sex (one species). Despite the zero-inflated nature of some species' 389 datasets, the GLM approach was found to be suitable and relatively straightforward to implement 390 
412
The frequency of occurrence of a species was a factor in model performance. Indeed, based on the 413 strength of correlation between predicted and survey values, models performed better for the 414 species that were captured more frequently. Indeed, satisfactory delta models were presented for the 415 four most frequent species, whilst the less frequent species were only shown as binomial occurrence 416 models. This was because positive models were based on significantly smaller input datasets, 417 making it difficult to obtain a satisfactory combined model, whilst in a binomial occurrence model, 418 even zeros provide information (i.e. the species was not captured at these locations). 
Modelled habitats by age group 430
Of the three species for which possible ontogenetic differences in habitat utilization were 431 investigated, such shifts were clearer for R. clavata compared to S. canicula and Mustelus spp. 432
Given the published lengths at 50% maturity (Table 4) Table 6 . Selected models for four demersal elasmobranchs (lengths and sexes combined; maps in Figure 5 ) using delta models. Predictors, listed in 794 Figure 7 ) and by sex (S. canicula; maps in Figure 8 ), using binomial occurrence models. See Table 5 
